The interference term between s-and t-pole contributions to the p(e, e ′ π + )n cross section is evaluated on the basis of the constituent quark model. It is shown that the contribution of baryon s-poles can be modeled by a nonlocal extension of the Kroll-Rudermann contact term. This contribution is in a destructive interference with the pion t-pole that is essential to improve the description of recent JLab data at the invariant mass W = 1.95 GeV. Some predictions are made for a new JLab measurement at a higher value of W = 3 GeV.
Introduction
In Ref. [1] the JLab F π Collaboration extracted from the data the charged pion form factor F π (Q 2 ) using a Regge model for high energy meson electroproduction [2] . Along with this the recent JLab data on the Rosenbluth separation of longitudinal and transverse cross sections for the reaction p(e, e ′ π + )n were presented.
The model [2] used for handling the recent data [1] interpolates between the low and higher momentum transfer regions and gives an economical description of the t-and s-dependence of the differential cross section. The procedure for reggeization according to [2] is quite natural for the t-pole diagrams pictured in Fig.1a . However, the authors of Ref. [2] have been forced to add a nucleon-pole term (diagram in Fig. 1b ) to the Regge amplitude to ensure gauge invariance. In general, the full sum of s-channel resonances taken with their proper form factors should be dual to the full sum of reggeon exchanges as it is schematically shown in Fig. 2 (see, e.g. the recent review [3] ). But actually the form factors for the transitions γ * + N → N * are only known with large uncertainties, and thus one can stay on a phenomenological level and use only some separate terms from both sums. Then the question about the other baryon-pole contributions to the amplitude (and to gauge invariance [4] as well) should be raised.
It is well known that s-pole resonances play an important role in pion photoproduction, but for pion electroproduction their contributions are suppressed at momentum transfers Q 2 above 1 GeV 2 /c 2 due to the presence of the vertex form factors F γ * N N * (Q 2 ). Nevertheless, in the resonance region at invariant masses W up to ∼ 1.8 GeV they remain to be important [5] . At higher final state energies W 2 -3 GeV characteristic of the JLab measurements [1, 6] there are no resonance peaks in the cross section, and thus a traditional resonance approach would not be an effective one. In that region one need not to account for the details of the intermediate nucleon excitations, and only a combined effect of all the s-channel contributions must be evaluated. In our opinion, for such evaluation a quark approach would be more convenient as it is schematically shown in Fig. 2 (the right diagram) .
The aim of this letter is to show that an alternative (microscopic) description of quasi-elastic pion knockout from the proton (in the discussed region and including the s(u)-and t-channel contributions) can be obtained on the basis of a constituent quark model (CQM). It implies that the constituent quark is an extended object and has its own electromagnetic form factor [7] . The parameter Λ q is believed to be set by the chiral symmetry scale Λ χ ≃ 4πf π ∼ 1 GeV.
The t-pole contributions to the quasi-elastic pion knockout correspond to trivial quark diagrams shown in Fig. 3 . Our hypothesis is that in the kinematical region discussed the full sum of nucleon and excited-nucleon s-and u-pole terms can be represented by the quark diagrams in Figs. 4a-f. Moreover, in the region of the pion t-pole, |t| ∼ m 2 π , the sum of all the s-and u-channel contributions should be a small correction to the t-pole contribution ∼ (t−m In the CQM for the strong πqq vertex form factor F πqq one can take the Fourier transform of the pion wave function (e.g. this can be shown [8] in terms of the 3 P 0 model [9, 10, 11] ). Then the quark amplitude for the s-or u-channel transition γ * + q → q + π becomes proportional to the product of two form factors, the strong F πqq and the electromagnetic F q ones. In the considered region of large Q 2 and W , where we neglect a small ∼ m 2 q /Q 2 corrections this product is equivalent to the pion electromagnetic form factor
) (see below in Section 3). As a result, in the considered kinematic region of quasi-elastic pion knockout both the t-and s(u)-contributions to the amplitude become proportional to a common form factor F π (Q 2 ) which can be factorized from the sum of t-and s(u)-pole diagram contributions. This feature is also consistent with gauge invariance of the calculated amplitude.
As a result we obtain an evaluation of a common effect of s-and u-pole contributions to the cross section. The overall contribution of such terms is Q 2 -and W -dependent and vanishes with increasing W and Q 2 in direct proportion to the factor ( The possibility of describing the high-energy pion electroproduction in terms of the pion t-channel mechanism has been discussed in the literature over many years [12, 13, 14] . An important argument [14] is that the contribution of the s-channel diagrams in Fig.1b is suppressed by a factor 1/Q 4 in comparison to the contribution of the t-channel diagrams in Fig. 1a . Note that this argument was recently supported by new experimental data of MAMI [15] showing a soft Q 2 behavior of the transition form factors γ * NN * at moderate Q 2 .
In Refs. [14, 16, 17] , the pion t-channel diagram (i.e. the form factor F πN N ) was calculated using the light-front dynamics. This made it possible to extract the strong πNN form factor F πN N (t) from comparison of a calculated cross section with the data. In contrast to those studies, in Ref. [8] the process p(e, e ′ π + )n was considered in the laboratory frame. In this case one is able to single out, in a natural way, the kinematical region where the recoil momentum of the final nucleon
is small and where only the momentum k ′ = q + k of the knocked out meson is large. In that (quasi-elastic) region at |t| 0.1 − 0.2 GeV 2 4-momentum k = P − P ′ transfered to the nucleon can be related to the 3-momentum k. In particular,
, k}, and t = k 2 ≃ −k 2 . Therefore, both the initial |N(P ) > and the final-state |N(P ′ ) > nucleons are nonrelativistic ones. In the CQM each of them can be described by a nonrelativistic wave function
Here,
is the internal wave function normalized as dρ ρ ρ
, where ρ ρ ρ ρ 1 and ρ ρ ρ ρ 2 are the Jacobi coordinates, N is a normalization constant and b is a dimensional parameter.
The t-pole amplitude for the γ * q → q ′ π + process on the i-th quark ( Fig.3) is
where F π (Q 2 ) is the pion electromagnetic form factor andĜ
πqq is the πqq vertex operator for the i-th quark, which is related to the pion-nucleon form factor G πNN (k 2 ) as
In the following, for convenience, we proceed with the normalized pion-nucleon form factor
We use a simple form of the operatorĜ
πqq neglecting the momentum dependence since the exchanged pion and the constituent quarks are approximately on their mass shells.
The quark-level amplitude M µ q(t) gives rise to the t-pole matrix element for π + electroproduction from the nucleon
which is proportional to the same strong form factor F πN N (t) defined above. At b = 0.6 fm, which is a typical scale in the CQM, the matrix element (5) with the Gaussian strong form factor F πN N (t) gives a reasonable description of the t-dependence of the differential cross sections in the JLab experiment (see, e.g., Ref. [8] ). At small |t| 0.2 GeV 2 this Gaussian is very close to the monopole form factor with Λ πN N ≃ 0.7 GeV. A phenomenological analysis of the JLab data made in Ref. [18] has also demonstrated very similar values for Λ πN N .
Effective γπqq interaction
The above consideration implies large values of Q 2 , at which the diagonal and transition form factors, F γN N (Q 2 ) and F γN N * (Q 2 ), gradually vanish. In line with this assumption, in the previous section we have neglected the N-and N * -pole contributions in the same manner as in the work [8] . However, since the s-and u-channel quark contributions (Fig. 4a,b) , which are required for gauge invariance, have not been taken into account, the results of such simple quark evaluation (dashed lines in Figs.6a-d) are not so good in comparison with the Regge parametrization [2] used in Refs. [1, 19] (dash-dotted lines in Figs.6a-d).
Here we shall evaluate these contributions, starting from a nonlocal (nl) variant of the pseudoscalar πqq coupling g nl πqq , which differs from the local coupling g πqq by the presence of the quark form factor:
. Hence, the vertex operatorĜ
πqq is modified accordingly. In this case the kinematics is the following. Two particles, pion and ingoing (outgoing) quark, are on mass shell: Figs.4a and 5a or in Figs.4b and 5b) .
The contribution of the quark diagrams in Figs.4a and 4b to the matrix element for absorption of the longitudinal virtual photon (
was evaluated in the approximation In the considered region of a large momentum
transfered to the pion and of a small momentum k µ = {t/(2M N ), k} ≃ {0, k} transfered to the nucleon we can omit all contributions to the amplitude proportional to small parameters
Then for deeply off-shell intermediate quarks in the diagrams in Fig. 5 one can write
where π π π π 2 is a relative momentum conjugated to the Jacobi coordinate ρ ρ ρ ρ 2 , and cosθ =k ′ ·π π π π 2 ≃q ·π π π π 2 . By making use of the approximate equality |q|/q 0 ≃ 1 + Q 2 /(2q 0 ), which holds within the conditions (7) and (8), one obtains the approximation ( 
which is proportional to the product of quark form factors (note that the π π π π 2 -dependent denominator, being integrated with Gaussian functions (1), introduces only a small correction to the integral, and thus we shall omit it in the final expression for the nucleon matrix element).
Some words should be added about the product of two quark form factors in the r.h.s. of Eq. (10). In the 3 P 0 model one can take into account the innerstructure of the pion introducing a pion wave function, e.g. in a Gaussian form. Then according to the 3 P 0 model [8] the πqq vertex is characterized by a form factor F πqq (∆p 2 ) = e −∆p 2 b 2 π /8 , where ∆p = p − p ′ is the momentum transfer from the incoming to the outcoming quark and b π is a radius of the Gaussian. On the other hand, in the CQM the ππγ vertex diagram pictured in Fig. 3b leads to a pion electromagnetic form factor F π (Q 2 ) = F q (Q 2 )e −Q 2 b 2 π /8 . Hence, in the considered region of large Q 2 , where in s-and u-pole diagrams the momentum transfer in the πqq vertex is approximately equal to √ Q 2 , we can use an approximate formula in our evaluations
Eq. (11) is very useful to check gauge invariance of the sum t-and s(u)-pole amplitudes in the final expression, where these amplitudes destructively interfere (see Sect. 4). For each of the amplitudes we have the same form factor F π (Q 2 ) which can be factorized out from the sum of amplitudes. The remainder is a sum of Feynman diagrams for point-like particles, which satisfies gauge invariance. It should be noted that gauge invariance can also be restored in the general case, if one uses different vertex form factors (see detailed discussion in Refs. [4, 21] ).
1 At the photon point Q 2 =0, ǫ (λ) µ = {0,n ⊥ } and in the low-energy limit k ′ 0 → m π the same quark calculation gives exactly rise to the Kroll-Rudermann term [20] for the threshold pion photoproduction.
Longitudinal cross section: destructive interference of t-and s(u)-pole terms.
We calculate the longitudinal differential cross section dσ L /dt for quasi-elastic pion knockout taking into account both the t-pole diagram in Fig.3 and the s-and u-pole contribution (10)
where
k·ρ ρ ρ ρ 2 τ
and compare the results to the JLab data [1] and to the Regge model [2] predictions [19] (see Fig. 6 ).
The CQM calculation of the right-hand side of Eq. (13) leads to a simple matrix element for a nonrelativistic nucleon wave function Φ N (ρ ρ ρ ρ 1 , ρ ρ ρ ρ 2 ). Using Eqs. (5) and (10) we obtain in the laboratory frame the matrix element of the longitudinal hadron current for the transition γ * + p → n + π + :
Here the contribution of the b 1 -meson pole (i.e. the first orbital excitation of the pion with mass m b 1 = 1.235 GeV) is also taken into account (the second term in the square brackets). However, the b 1 -pole contribution is small when compared to the π-pole contribution, which can be identified by comparison of the first and second terms in the r.h.s. of Eq. (14), which are proportional to the factors g πN N /(t − m ), respectively. The ρ-meson pole is not included as it does not contribute to the longitudinal part of the cross section (the M1 spin-flip amplitude ρ + + γ * → π + only contributes to the transverse part of the cross section where it is of prime importance [14, 22, 23] ).
Here, the b 1 NN and b 1 πγ vertices are calculated on the basis of the 3 P 0 model [9, 10, 11] with the technique described in Refs. [8, 23] . The final expression for the b 1 πγ vertex in the lab frame is compatible with the result of the nonrelativistic reduction of the general expression used in [2] 
where g b 1 πγ and F b 1 πγ are free phenomenological values. For the b 1 NN vertex we have the same situation.
The quark model calculation of the r.h.s. of Eq. (14) has the advantage that the parameters of the vertices g πN N , g b 1 N N , g b 1 πγ and their form factors F πN N (t),
are not free, but related to each other by the following relations:
1) The integral part of Eq. (14) defines a nonrelativistic vertex form factor F mN N (t) = F πN N (t) = F b 1 N N (t) common to all three terms in Eq. (14) .
2) The relative phases of all the amplitudes in the r.h.s of Eq. (14) are fixed by the results of quark model calculations. Therefore, the negative sign of the interference term between t-and s-pole contributions (the destructive interference) is unambiguously determined: the spin average of the product of the first term in the squared bracket of Eq. (14) with the third one has a negative value:
Recall that cos( kq) ≃ -1 in the quasielastic pion knockout kinematics, where −k is the momentum of the nucleon-spectator in the lab frame.
3) Note that in the discussed kinematical region the final results for the cross section practically do not depend on the b 1 -pole contribution. Nevertheless, for completeness we also summarize the quark constraints on the values of
. The e.-m. form factors F π (Q 2 ) and F b 1 (Q 2 ), which correspond to the quark diagram in Fig. 3b , should be very similar to each other; e.g. they have the same expression in the CQM:
where b π and b b 1 are the quark radii of π-and b 1 -mesons correspondingly, (16), we use for F b 1 (Q 2 ) the same parametrization as for F π (Q 2 ). The coupling constant g b 1 πγ could also be evaluated on the basis of the CQM diagram of Fig. 3b as a matrix element of an orbital P → S transition, but we use a more realistic value of g b 1 πγ = 0.79, which gives the experimental radiative decay width Γ b 1 →πγ .
4) The
3 P 0 model also fixes the relation between the b 1 NN and πNN couplings (see Refs. [8, 23] for details):
which is used in our evaluations.
Results and outlook
In our calculation we use a standard (monopole-like) representation for the pion charge form factor with Λ 2 π =0.54 GeV 2 /c 2 which is close to the recent theoretical evaluation [24, 25] and correlates well with the recent JLab data [1] . We vary only one free parameter in the standard representation of the strong πNN form factor F πN N (Q 2 ) = Λ 
GeV
2 /c 2 , which correspond to a quasi-elastic mechanism of pion knockout, the calculated cross section is close to the experimental data. At smaller Q 2 0.7 GeV 2 /c 2 our results are close to the cross section calculated in Ref [19] (dash-dotted lines) on the basis of a model [2] which takes into account both the Reggeon-pole exchange and the nucleon-pole contribution. Recall that in Ref. [1] a phenomenological background term is fitted to describe the data at small Q 2 .
For a new JLab measurement of dσ L /dt at higher invariant mass (the data analysis is presently underway) in Fig. 8 we give our prediction for the tdependence of the cross section at W = 3 GeV and Q 2 = 1 − 2 GeV 2 /c 2 . Here we use fixed (above defined) parameters of the model. Because of the large value of W the contribution of the effective contact term (10), which is proportional to the factor √ Q 2 M N /W 2 , becomes too small and practically unvisible in the cross section (a small difference between the solid and the dashed curves in Fig. 8 ).
Our calculations show that the longitudinal cross section practically does not depend on the contribution of the b 1 -meson pole, and thus the data [1] cannot constrain the b 1 NN and b 1 πγ vertices. In contrast, data on the transverse cross section should be critically dependent on the ρ-pole contribution and on the ρπγ * spin-flip amplitude. This was first shown in Ref. [14] and then supported in Refs. [22, 23] . We have preliminary results in the above model, which confirm this statement. On the other hand, a Regge description [2] of the transverse cross section is not as good as for the longitudinal case. It is possible that microscopic models are in competition with the Regge phenomenology in this area. In future we intend to analyze new data on the transverse cross section of pion quasi-elastic knockout dσ T /dt at higher invariant mass and momentum transfers in terms of the above model containing the form factors and coupling constants not only for the πNN and ππγ vertices, but also for the ρNN and ρπγ ones.
LIST OF FIGURES 
